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Abstract 
Purpose of Review:  
Understanding of how fire affects the carbon cycle and climate is crucial for climate change 
adaptation and mitigation strategies. As those are often based on Earth system model simulations, 
we identify recent progress and research needs that can improve the model representation of fire 
and its impacts. 
Recent Findings 
New constraints of fire effects on the carbon cycle and climate are provided by the quantification of 
the carbon ages and effects of vegetation types and traits. For global scale modelling the low 
understanding of the human-fire relationship is limiting. 
Summary 
Recent developments allow improvements in Earth system models with respect to the influences of 
vegetation on climate, peatland burning and the pyrogenic carbon cycle. Better understanding of 
human influences is required.  
Given the impacts of fire on carbon storage and climate, thorough understanding of the effects of 
fire in the Earth system is crucial to support climate change mitigation and adaptation. 
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Introduction 
Climate change mitigation strategies rely heavily on carbon storage in forests [1] and therefore 
require understanding of the interactions between fire, vegetation and the carbon cycle. 
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Interactions of fire with the carbon cycle and climate were conceptually understood and described 
decades ago [2, 3].   
 
Figure 1: The impact of fire on carbon cycle and climate differs between ecosystems. Fire changes 
land surface properties and energy fluxes, such as vegetation composition, albedo and 
evapotranspiration. All of these aspects influence the atmosphere. A key aspect is the ability of the 
system to recover to a pre-fire state. Grasslands and forest with fire adapted traits recover faster 
than forests that are sensitive to fire or peatlands which lose old carbon. Deforestation fires lead to 
a long-term reduction of aboveground biomass. The gases and particles emitted during a fire 
increase the levels of atmospheric greenhouse gas concentration and aerosol load, with 
consequences for radiative transfer and cloud formation. In contrast recalcitrant pyrogenic carbon 
can accumulate in soil for decades to century timescales and even millennia in ocean sediments, 
thus offsetting the carbon source effect. 
The combustion of vegetation biomass leads to a reduction of terrestrial biomass and impacts 
vegetation patterns [4]. The consequences are an overall reduction of carbon stored on land and 
emissions of various trace gases and aerosols [5]. The incomplete combustion of biomass, however, 
also generates charcoal (pyrogenic carbon, PyC) which is relatively stable, thus partly offsetting the 
carbon source effect of fire emissions as it accumulates in soils and sediments over decadal to 
century timescales [3].  Fire alters nutrient cycles, such as the nitrogen [6] or phosphorus cycle [7], 
thereby limiting vegetation productivity in regions with high losses of nutrients and increasing 
productivity due to fertilization in areas of deposition. Fire emissions substantially influence the 
atmospheric budgets of greenhouse gases, other trace gases and aerosols [8]. Aerosols influence the 
radiation budget by scattering and absorbing radiation. They increase the number of cloud 
condensation nuclei which changes cloud cover, precipitation and cloud albedo through cloud 
microphysics [2]. However, aerosol effects on climate are still associated with large uncertainties [9, 
10]. Fire emissions influence atmospheric chemistry and trigger reactions that influence the lifetime 
of methane and increase ozone concentration, air pollution levels and acid deposition with side 
effects on vegetation ([2, 3]). 
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The effects of fire on vegetation dynamics and land surface properties impact the carbon cycle but 
also the climate through biogeophysical effects [11] (figure 1). Vegetation dynamics govern the time 
scale of carbon pools recovery but also influence land surface properties such as evapotranspiration 
and albedo, due to differences between vegetation types (grasses vs. woody) and species [12]. These 
differences are for instance the development of fire adaptation traits, or the ability of quick 
resprouting [11]. 
Satellite-observed fire occurrence and emissions data products provide the backbone for a large 
variety of research over the recent decade. For instance, fire emission datasets can serve as input to 
atmospheric models to improve the understanding of effects of fire emissions on atmospheric 
composition and climate [5]. Burned area products are used to understand drivers of fire occurrence 
and to develop and evaluate global fire models [13]. The representation of fire in global vegetation 
but also Earth system models has been improved during the last two decades [13, 14]. These models 
allow us to extrapolate fire occurrence and their impacts to periods without observations and take 
into account interactions between fire, carbon cycle and climate. So far, the most complete 
assessment used an Earth system model to estimate the radiative forcing of fires for past, present 
and future and found an overall cooling effect of fires on climate [5]. The cooling is largely driven by 
the highly uncertain indirect aerosol cooling effect, which overrides the warming effect by fire 
greenhouse gas emissions. 
We here summarize recent progress in understanding and estimating the impact of fire on the 
carbon cycle and climate. We focus on research that provides large scale assessments of the impacts 
of fire or helps to improve the representation of fires within Earth system models. We summarize 
recent model assessments of the impact of fire. We identified progress in process understanding 
over the last five years especially concerning the effect of vegetation type and traits on climate, 
peatland fires, and the pyrogenic carbon cycle. Finally we summarize progress in observational 
datasets that help to constrain and develop models. We conclude by summarizing where we see the 
greatest potentials and needs for improvements in the representations of fires in Earth system 
models. 
Modelled impacts of fire on the carbon cycle 
Modelling fire in global models is a relatively young field [13]. A recent evaluation of fire models 
within the fire model intercomparison project [15] shows that the influence of climate on fire 
occurrence is reasonably well captured by models but the relationship between fire and vegetation 
productivity needs further refinement [16]. Models represent the influences of fire on the carbon 
cycle and climate in a numeric way and can therefore quantify the net effect of fire on the different 
components and parameters by performing simulations with and without fires. Several models have 
conducted such simulations over the recent years with diverging results [17–20]. Models either 
prescribed the burned area based on remote sensing datasets [19, 20] or simulate a similar global 
burned area, since remotely sensed burned area is typically used for model calibration [17, 18]. In Li 
et al. [17] fire was found to decrease the land carbon uptake by 1 Pg year-1 and it decreases NPP by 
1.9 Pg year-1 [17]. In the ORCHIDEE model, fires reduce the terrestrial carbon uptake by only 0.32 Pg 
C year−1 [18]. Yue et al. [18] trace the origin of this to a lower impact on vegetation productivity 
because the impact on vegetation structure was limited due to a prescribed tree height. The 
coupling of fire within these vegetation models was incomplete because the studies did not account 
for the effect of fire on vegetation cover. This is important because vegetation type and structure 
strongly determines the biomass storage on land [1]. Poulter et al. [19] estimate the impact of fire 
prescribing three different burned area satellite products. In this study fire led to decreases in 
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forested area, but grasses were more productive such that the net effect of fire  was an increase in 
NPP of 0.7-5.2 Pg C year-1 and a small increase in net biome production 0.05-0.11 Pg C year-1. Total 
biomass decreased between 50 and 300 PgC year-1 due to the losses in woody covered area. In a 
similar study [20] using a different model but the same setup as Poulter et al. [19], forests were 
more productive, therefore the decrease in forested areas due to fire decreased NPP by 4 Pg C year-
1. Reduction in heterotrophic respiration was stronger than the reduction in NPP, causing an increase 
in net ecosystem production due to fire. In combination with the fire emissions this lead to a 
decrease of the land sink of 0.57 Pg C per year-1 [20]).  
The impact of fire on the land sink varies between years because of variations in climate, with a 
stronger reduction found in warm and dry years [18]. Fire leads to net losses of carbon during the 
fire. During the recovery time of vegetation and carbon stocks following the fire, the ecosystem 
accumulates carbon, until equilibrium is reached or the next fire incidence occurs. In savanna 
ecosystems the feedback between fire and vegetation can lead to a permanent shift of the 
equilibrium to an alternative stable state [21]. Global models were often criticized to not include 
such dynamics [22]. A recent study showed that it is possible to achieve such dynamics with a 
relatively simple global vegetation model [23]. In the boreal system where the recovery is slow the 
present day spatial distribution of carbon sinks is therefore driven by fires that occurred over the last 
decades [24]. The net effect of fire critically depends on the balance of legacy sinks caused by 
vegetation recovery from past fires and emissions of current-day fire disturbances, e.g. changes in 
the fire regime. However, it is necessary to point out that most of these studies, if not all, were 
performed with models that do not account for the pyrogenic carbon component or losses due to 
peat fires, which likely make a strong contribution to the net effect. 
Fire affects the carbon cycle directly but also releases nutrients and air pollutants that can affect 
vegetation. Nutrients, most importantly nitrogen and phosphorus, strongly determine vegetation 
productivity. Nitrogen losses due to fire are an important part of the nitrogen balance regionally 
[25]. Losses at the site are important, but also the deposition in other regions: high atmospheric 
nitrogen deposition rates were observed on a field site in the central Congo Basin where due to its 
remoteness, a low nitrogen deposition from any industrial sources is expected [26]. Using 
atmospheric models the authors attributed the source of this increased deposition predominantly to 
fire. Phosphorus availability limits plant productivity and enhances the marine biological pump. 
Natural fires contribute an estimated 20% to global phosphorus emissions [27], this new estimate of 
the contribution is ten times higher than a previous estimate [27]. Increased atmospheric ozone 
concentration due to air pollution by fire emissions, however, leads to plant damages and reduction 
in vegetation productivity. This effect was quantified with a model for the Amazon forest [28] and 
boreal North America [29]. In the Amazon forest ozone damage could double the effect of wildfires 
on carbon storage [28]. For North America the effect of ozone was negligible, but aerosol effects 
resulted in enhanced air stability and intensified regional drought. This effect increased NPP for 
present day by 72 TgC year-1 but would decrease NPP by 118 TgC year-1 in 2050. Few studies have 
accounted for this influence of fire on the redistribution of nutrients or the feedback with ozone 
production. These recent studies elucidate the importance of these processes. To account for these 
effects, a coupled land-atmosphere modelling approach is required. 
The trends in burned area are spatially heterogeneous [27]. For the global burned area a decreasing 
trend was detected between 1998 and 2015, mainly due to decreases in savanna regions [27]. The 
decreases are related to an increased intensity in land management. Global fire models require a 
better representation of the global variability in human effects to improve modelled trends in 
burned area [30]. The level of understanding how humans use fire in land management is still 
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unsatisfactory and no global spatially explicit dataset on how humans use fire in land management 
exists [31].  Model results reflect this low level of understanding and show contrasting results due to 
different assumptions. A model that included management fires, such as cropland and deforestation 
fires showed decreases in the carbon sink over the 20th century due to the anthropogenic influence 
[32]. In contrast, a model accounting only for fires in natural vegetation showed increases in carbon 
uptake due to the reduction in global burned area [33]. The satellite record is relatively short and 
robust trends are often not statistically significant [30]. The human impact on burned area in a global 
model varies strongly between regions and is highest for intermediate vegetation productivity [34]. 
The global representation of humans within models is uncertain, the study [34] however showed 
that interactions with vegetation and the carbon cycle, for instance due to land use change, need to 
be taken into account to quantify the effects of humans on burned area. Representation of the 
anthropogenic effects will be a major challenge for reliable future projections. Given the large 
uncertainty in understanding, a model ensemble representing a variety of assumptions on 
anthropogenic effects can help to cover the possible trajectories of future fire occurrence and 
impacts. Model intercomparison projects can provide the infrastructure to support such research 
and is already in place for global fire-enabled vegetation models. 
 
Modelled impacts of fire on climate 
Fires influence atmospheric composition directly by emissions of greenhouse and other trace gases 
and aerosols. An atmospheric modelling study suggested that the aerosol effect overrides the 
greenhouse gas effect and leads to a net reduction in the global radiative forcing of fires [5]. Landry 
et al. [35] examined the global effects of aerosols only, and found a present-day forcing of -0.10 W 
m-2, which affected regional land carbon stocks on decadal timescales through changes in vegetation 
productivity and soil–litter decomposition. Jiang et al. [36] used atmospheric modelling with 
prescribed present-day fire aerosol emissions (including agricultural burning) and found that fires 
exert a direct radiative effect of 0.16±0.01 Wm−2 (primarily due to black carbon) and an indirect 
effect due to aerosol-cloud interactions of −0.70±0.05 W m−2, supporting the finding of Ward et al. 
[5] that indirect effects dominate. In contrast to Ward et al. [5], Jacobson [37] found a net warming 
of 0.4K accounting for black and brown atmospheric carbon, heat and moisture fluxes and cloud 
absorption effects. This, however, also included domestic sources and therefore is not directly 
comparable to the aforementioned estimates focusing on wildfires only. In addition to its long-term 
influence on climate, fire is also the major driver of interannual variability in global aerosol 
abundances and their radiative forcing [8, 38, 39]. 
The effects of aerosols are spatially heterogeneous. Local effects of aerosols are extensively 
documented in the literature using models and observational data. Aerosols increase the number of 
cloud condensation nuclei. This leads to a reduced droplet size and in consequence a reduction of 
rainfall. A rainfall reduction has been documented for South America [40] and southern Africa [41]. 
Furthermore, satellite information has shown that fire causes reductions in cloud cover over Africa 
[42]. Voulgarakis and Field [8] provide a more extensive review on effects of fire on aerosols and 
other short-lived pollutants, as well as associated influences on climate. 
The quantification of fire emissions is still a major uncertainty for modelling atmospheric aerosol 
loads. Testing input datasets for Earth system modelling identified fire emissions as the largest 
source of uncertainty in pre-industrial aerosol emissions [43]. Most global atmospheric models 
underestimate fire aerosol optical depths when using bottom-up estimates of fire aerosol emissions, 
necessitating the application of large scaling factors to regional or global emissions within the 
6 
models [5, 44].  Model process representation, such as treatment of aerosol hygroscopicity [45], 
could also be contributing to this discrepancy which is a major cause of uncertainty in model 
estimates of aerosol effects. For present day, Veira et al. [46], investigated the effect of emission 
heights, showing that the quantification of emissions leads to larger differences in the radiative 
forcing than the parameterization of the emission heights of fires. Under climate warming, more 
intense fires and therefore increases in emission heights and atmospheric residence times of 
emitted pollutants are expected. In an Earth system model the effect of more intense fires was 
mitigated by a more stable atmosphere and led only to small changes in emission heights and long 
range transport [47]. 
There is a large uncertainty for the aerosol indirect forcing [48], and only Ward et al. [5] have 
investigated the multi-component radiative forcing from fire until now. A systematic comparison of 
coupled models could help to identify uncertain model assumptions and support model 
development. 
Li et al. [49] estimated the biogeophysical effects of fire on climate for present day using an Earth 
system model. The model setup affected vegetation structure, e.g. leaf area index, but not the 
vegetation composition. Effects of greenhouse gases or aerosols emitted by fires were not included. 
Vegetation cover was the main pathway through which fire influenced the climate. Tropical 
savannas were the regions with the strongest impacts of fire. Fire reduced vegetation canopy and 
height. This change in structure resulted in drier, warmer surface air and higher wind speed due to 
changes in the energy partitioning and surface roughness. Fire-induced damage to the vegetation 
canopy increased the temperature by reducing the latent heat flux. Earth system models represent 
the variability in vegetation types through plant functional types (PFTs) with PFT specific parameters, 
they, however, currently do not represent the nuanced picture of vegetation and trait-specific fire 
influences observed by satellites and described below. 
 
Improved understanding of fire-induced vegetation effects on 
climate 
Vegetation traits not only determine the resilience and flammability of vegetation and carbon stocks 
but also drive the impact on climate, as differences in vegetation and fire regime define the 
differences in the response of surface properties to fire [11, 50]. A continental analysis of satellite 
data for North America confirms that in addition to climate, vegetation type and fire severity 
determine the recovery time of vegetation [51]. The effect of fire type on its impact on climate was 
investigated for Eurasia: for high intensity stand replacing fires, in which most trees do not survive, 
albedo increases [52] which causes a strong cooling effect. For non-stand replacing fires this effect 
was weak [53]. The difference between stand replacing and non-stand replacing fires is caused by 
the different effects of snow on the albedo between non-forested and forested areas and snow 
cover remains longer on non-forested areas in spring. The albedo increase is much higher on 
grasslands as forest canopies are usually not completely covered by snow. The net response of land 
surface temperature to fire in boreal Siberian forests was a warming one year after fire; a cooling in 
winter was exceeded by a summer warming [54]. The strength of the response differed between 
vegetation types, with stronger effects for evergreen needleleaf forests [54]. An investigation of 
intercontinental differences in boreal fire regimes and their climate impacts showed that boreal fires 
in Eurasia were, less intense, resulting in less tree cover loss, and reduced albedo change [50]. This 
implies that both warming (through greenhouse gas emissions), and cooling (through post-fire 
albedo) effects are larger for boreal fires in North America compared to Eurasian boreal fires. The 
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main driver of this continental difference in boreal fires and their climate impacts is the difference in 
vegetation composition and plant traits. Fire embracers, such as black spruce and jack pine, 
dominate boreal North America. They promote high intensity crown fires as they retain low-lying 
branches and they cope with fire with adapted reproduction, e.g. serotinous cones or seed banks. 
Fire resisters support low intensity fires through self-pruning and lower flammability. They are 
dominant in boreal Eurasia, mainly (Scots Pine and larch). This case study [50] exemplifies that 
within-biome differences in fire strategies result not only in different fire regimes but also in 
different climate impacts. Liu et al. [55] perform a global analysis of satellite data on the biophysical 
feedback of forest fires on surface temperature. They find strong differences between the boreal 
and tropical biome. The boreal regions show a long-term cooling effect due to changes in albedo, 
while the tropical regions show a weaker warming effect due to reduced evapotranspiration. 
Climate- and fire-induced effects on vegetation may also be coupled. This increases the complexity 
of the necessary process understanding. For example, climate warming has increased deep burning 
in organic soils of boreal conifer forests [56]. Deciduous tree recruitment is favored after deep 
burning and exposure of mineral soils [57], and likely partly enhanced by warming as well. An 
ecosystem shift from conifer-dominated to deciduous-dominated landscapes may thus be the 
consequence. Such a shift has important implications for terrestrial carbon storage and land surface 
albedo [58]. Deciduous trees in Alaskan ecosystems such as aspen and birch store more 
aboveground carbon than black spruce trees [59], but significantly less belowground carbon. For this 
reason, type conversion towards deciduous dominance may represent a net carbon source. 
Deciduous trees are, however, brighter than conifer trees, resulting in an albedo-driven cooling 
effect. Similarly, combined climate- and fire-induced expansion of woody species into areas that 
were tundra before would result in albedo darkening and would thus lead to a warming effect. 
Veraverbeke et al. [60] hypothesized that this feedback loop may also bring more lightning ignitions 
to the ecotone between the boreal forest and tundra, which would further amplify this feedback 
loop. 
 
Improved understanding of peatland fire and pyrogenic carbon 
The net effect on carbon storage of a fire is determined by the ecosystem ability to recover the 
combusted carbon stocks and the fate of the combusted carbon. Large parts of the carbon losses 
from fire are restored as vegetation regrows and the fire-induced reduction of carbon stocks also 
lowers carbon losses due to respiration⁠ [18, 20]. However, peatland, deforestation and degradation 
fires usually have a net loss effect. Peatlands are important terrestrial carbon reservoirs that have 
acted as carbon sinks throughout most of the Holocene [61, 62]. Consequently, carbon stored in 
peatlands has not been part of the active carbon cycle for the last centuries to millennia [63]. 
Following deforestation and degradation fires, vegetation and soil carbon stocks often do not 
recover to their pre-fire level. The combusted carbon can either be lost to the atmosphere or 
accumulate in terrestrial or oceanic systems through the production of highly stable solid pyrogenic 
carbon (or charcoal, PyC) [64]. PyC was early on recognized as an important recalcitrant by-product 
of wildfires, which can support the terrestrial carbon sink [3]. 
Peatlands cover only 3% of the land surface, but contain a third of the carbon stored in soils [65]. 
Arctic-boreal peatlands contain an estimated 500-600 Gt carbon, with 90% being stored in permafrost 
regions [66]. Tropical peatlands additionally store approximately 100 Gt, mostly in Southeast Asia [63, 
65]. Carbon emissions per burned area from peatland fires are among the highest on Earth [44]. An 
important characteristic of the carbon stored in peatlands is its age, which indicates how long it took 
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to accumulate this carbon stock. Wiggins et al. [67] estimated a mean turnover time of 800 years (±420 
years) for the carbon burned in Indonesia. Wilkinson et al. [68] estimated the loss of carbon in a boreal 
peatland fire as being equivalent to 240–860 years of carbon accumulation.  
Peatland fires not only lead to losses of carbon but also interact with other ecosystem processes, for 
example hydrological processes. Peatland fires may additionally increase the vulnerability of peatlands 
due to ecosystem degradation and desiccation [69, 70]. Many boreal fires and all arctic fires occur in 
permafrost terrain [71]. Fires remove parts of the insulating soil organic layer, resulting in permafrost 
degradation, loss of peat plateau and deepening of the seasonally thawed active layer above the 
permafrost [71]. This is associated with increases of microbial soil respiration of CO2 and CH4 [72]. 
Post-fire boreal forest soils typically are a longer-term CO2 source because of decomposition of organic 
matter and root respiration, and a CH4 sink because of microbial oxidation [72, 73]. The warming effect 
from the CO2 source is much stronger than the CH4 sink cooling effect [72]. Peatland fires are also a 
major source of atmospheric short-lived species such as carbon monoxide, nitrous oxides and 
aerosols, being the dominant type of fires that drive the variability of these species in the atmosphere 
[8, 39]. 
Peatland fires are so far only included in a diagnostic way in global models [74, 75]. This allows the 
estimation of fire emissions from peatlands, but the changes in carbon storage on land, which would 
require to model losses but also the uptake of carbon, are not tracked. 
Up to 27% of burned carbon is retained as Pyrogenic carbon from wildfires rather than emitted to 
the atmosphere as greenhouse gases, while anthropogenic fossil fuel derived PyC is a minor 
contribution (0.2% of emissions) [64].  PyC characteristics depend on the source material, 
combustion temperature and duration and cover a diverse range in chemical and physical properties 
from charcoal to soot [76]. Over the recent years substantial progress has been achieved in 
quantifying the individual fluxes, stocks, and ages of pyrogenic carbon [64, 77]. Field observations 
indicate a global PyC production of 114-383 TgC year-1 [64]. Only a fraction of this is however stored 
in long-term reservoirs [78]. Mainly rivers transfer PyC from terrestrial pools to the oceans [76, 79] 
and a fraction of 8-16% of the annual PyC production is buried in marine sediments [80]. Ages of 
particulate river PyC range from modern up to 17,000 14C yrs [81]. The average river particulate PyC 
age is 3,700±400 14C yrs, suggesting aging on land by delaying PyC release to the oceans [81, 82]. 
Meanwhile, the oldest PyC pools are in the ocean water where observed ages are on the order of 
23,000 14C yrs [83]. Reconciling these large differences in ages is challenging due to large knowledge 
gaps with respect to the mobilization and transportation of PyC from land to ocean [76, 84, 85]. 
Understanding the pyrogenic carbon cycle becomes particularly important as the addition of biochar 
to soils is part of negative emission technologies to mitigate climate change [86]. 
Robust constraints on the role of PyC in regional and global scale carbon cycle remains elusive due to 
limitations in characterization, and related uncertainties in the fluxes and fate of PyC during transfer 
from land to ocean. When covering the uncertainties of parameters in a model representation of the 
pyrogenic carbon cycle, PyC can either be a sink or source of carbon over the 21st century for most 
scenarios [87]. Landry and Matthews [87] estimate the sink as the difference between a simulation 
including a PyC pool compared to a simulation directly emitting that carbon as CO2. While this gives 
an estimate of how important it is to account for the longer residence times of PyC, it does not 
answer the question whether the total effect of fire in Earth history (including the generation of PyC) 
is a net carbon sink or source. This would require the comparison of equilibrium simulations with 
and without fire. In models not accounting for longer residence times of PyC the losses of terrestrial 
carbon storage due to fires are 50-500 PgC [5, 19]. The estimates of the losses of terrestrial carbon 
storage do however not include peatlands, which could be substantial. Global estimates of PyC 
storage exceed these values already when only accounting for the two largest stocks (480-1140 PgC 
in marine sediments [77] and 200 PgC in soils [78]. This indicates that PyC storage may exceed the 
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losses in terrestrial carbon storage and therefore the total effect fire over the last millenia could be a 
net sink of carbon. There is, however, also support for a positive carbon cycle climate feedback 
based on charcoal data. Harrison et al. [88] estimate a substantial contribution of increased biomass 
burning to the carbon-cycle-climate feedback (5.6±3.2 ppm CO2 per degree of land temperature). 
This study however refers to timescales of decades and centuries. The net effect of fire on the 
carbon cycle thus remains an open question. 
 
Improvements in observational datasets 
Observational datasets are the main source of information to develop process understanding and to 
evaluate models. The first step towards assessing the impacts of fire is estimating the global extent 
of fire occurrence. Remote sensing is the only way to consistently observe fire-affected areas and 
timing on a global scale. In remote sensing products fire occurrence is usually represented as burned 
area [89, 90], fire counts [91] or fire radiative power [92]. The most widely burned area detection 
algorithms use fire-induced changes in surface reflectance (caused by vegetation removal and soil 
and charcoal exposure). Large parts of a pixel need to be burned to be detected as burned. These 
moderate resolution burned (500 m) area products [89, 90] are therefore suboptimal to detect small 
fires. Active fire algorithms require only that approximately 1 to 10 % of the pixel area actively burns 
to be detected [93]. Including information on active fires therefore improves the detection of small 
fires [94]. For the most recent MODIS (Moderate Resolution Imaging Spectroradiometer) Collection 
6 data set version the enhanced detection of small fires resulted in a global increase of burned area 
of 26 % [89]. Higher resolution satellite data from Landsat (30m) and Sentinel-2 (20m) can improve 
the detection. They were increasingly used in regional studies. Landsat imagery was used to map 
burned area in Australia [96], Canada [97], and the conterminous USA [98]. The combination of 
active microwave data from Sentinel-1, which observes the land surface regardless of clouds, with 
reflectance data from Sentinel-2 showed promising results for burned area mapping in Congo [99]. 
Sentinel-2 data were recently used to generate a burned area dataset for sub-saharan Africa [100]. 
Recently, Laurent et al. [101] and Andela et al. [102] developed databases with fire regime parameters 
such as fire ignition, size, or fire spread rate. These databases open new possibilities for more 
comprehensive understanding of the relationship between fire occurrence, fire behaviour and fire 
impact. Their approaches group individual burned pixels into a fire patch based on the continuity of 
their detected dates of burning. Laurent et al. [101] released the FRY database, a global database of 
fire patches with morphology-based functional traits, derived from the Collection 6 MCD64A1 and 
MERIS fire_cci v4.1 burned area data. They examined the global distribution of and relationships 
between various fire patch parameters such as fire size, patch perimeter to area ratio, patch shape 
index and patch fractal correlation dimension. In parallel, Andela et al. [102] published the Global Fire 
Atlas, in which they not only made the fire patch reconstruction but also calculated fire duration, daily 
fire front length, daily fire area expansion, fire spread rate and the direction of spread. 
Progress has been made in observing details of peat burning. Advances from remote sensing 
observations over the September-October 2015 Indonesia fires come from high resolution burned 
area mapping with Sentinel-1 imagery [103] and high resolution fire detection and spread mapping 
using mid infrared data from the FireBird mission [104]. In the boreal region the depth of burns in 
peatlands was mapped from height information from airborne LiDAR [105, 106] and photogrammetric 
unmanned aerial vehicle systems [107]. Laboratory and in situ observations lead to detailed 
characterizations of the controls of moisture content and bulk density on horizontal [108] and 
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downward spread [109], and combustion [110, 111]. These details will be highly useful to develop 
models of peatland burning. 
Improvements in emission estimates over the last years were based on improved estimates of fuel 
loads, combustion completeness and emission factors. Improvements of these estimates were 
achieved based on a larger variety of and advances in measurements, both from an in situ and remote 
sensing perspective. For example, synergetic use of hyperspectral and light detection and ranging 
(LiDAR) imagery has led to advances in fuel type [112]  and post-fire effects mapping [113]. A global 
database [114] provided an improved basis for model parameterization of combustion completeness. 
Several field campaigns have acquired additional measurements of in situ combustion in North 
America’s boreal regions (e.g. [115, 116]). Emission factors determine the separation of emissions into 
the different chemical species. Wiggins et al. [117] estimated CO and CH4 emission factors of boreal 
fires in Alaska by integrating flux tower measurements, remote sensing data and air transport 
modeling. Their approach has potential to derive emission factors for a wide range of environmental 
conditions. Currently emission factors used in fire emissions databases and models are constants 
specified for a variety of ecosystems [15, 44]. 
While spaceborne data provide detailed spatiotemporal information of contemporary fire dynamics, 
charcoal records indicate the variations in biomass burning over long time scales (decades to millenia). 
Charcoal records are harmonized in a global database [118] and are extensively used to investigate 
drivers of fire occurrence. However, the information cannot be directly transferred to quantities of 
burned areas or fire emissions, which has limited their use in carbon cycle studies so far. The variability 
in the charcoal records however compares well with methane-derived past fire activity, which 
increases the confidence in this dataset [88]. In recent dataset developments, charcoal records were 
combined with satellite based estimates, airport visibility data and fire model output to generate a 
dataset of fire emissions since 1700 [119]. Calibration studies that link charcoal variability to satellite 
burned area or fire emission datasets can improve the potential of this dataset to inform carbon cycle 
studies [118]. 
Conclusions 
Due to the linked interactions of fire with climate, the carbon cycle and vegetation, fire is a 
necessary component within Earth system models. Vice versa, the assessment of the global impact 
of fire on the carbon cycle and climate requires Earth system models. Vegetation dynamics, different 
residence times between different carbon stocks and aerosol effects are critical to address the 
overall impact of fire. So far no model includes all the effects that are of known importance. In Table 
1 we provide an assessment of our current levels of process understanding, available observations 
and incorporation of these processes in global models. 
Improvements in modelling the impact of fires are possible based on recent advances. We identified 
the need, but also the progress in understanding, for an improved representation of fire within Earth 
system models with respect to the pyrogenic carbon cycle and peatlands.  Pyrogenic carbon and 
peatlands are both usually not represented in fire models [13, 14] (Table 1). Understanding the 
pyrogenic carbon cycle is certainly important for understanding the net impact of fire within the 
Earth system due to the large stocks in ocean sediments. The importance of understanding the 
pyrogenic carbon cycle may increase even on shorter time scales as it may be subject of strong 
human perturbations due to the use of biochar in climate change mitigation actions. There is 
progress in understanding peatland fires and peatlands are increasingly represented within Earth 
system models. The coupling of fires and peatlands may therefore become a new, promising 
research field within Earth system modelling. Interactions between fire, peatlands and permafrost 
11 
are still insufficiently understood. Overall, models show a large divergence in their estimates of the 
impact of fire on the carbon cycle. Better understanding of the reasons for the differences in 
combination with model-data comparisons will facilitate the decision on the best model structures 
and assumptions [13, 15].  
Table 1: Assessment of the level of process understanding, availability of observations and 
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Peatland fire O O O  
Pyrogenic carbon O O O  
Deforestation fire O O O  
Vegetation type impact on:     
-Carbon storage O O O  
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-Evapotranspiration O O O  
Redistribution of nutrients O O O  
Human-fire interactions O O O  
Aerosol impact on:     
-Radiation O O O  
-Clouds O O O  
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The fire effects that are realized through changes in vegetation require coupled modelling as does 
the effects of nutrients redistribution and the ozone and aerosol feedback on the vegetation 
productivity. Knowledge on the climate impacts through vegetation changes has strongly improved 
and should be included in coupled modelling. While there is already an international initiative for a 
systematic comparison of fire-enabled vegetation models [13, 15], it does not yet exist for coupled 
vegetation-atmosphere models. This could certainly help to assess the uncertainties in model 
representation and to identify necessary improvements in representing fire-Earth system 
interactions. 
Earth system models provide an important tool for the development of climate change adaptation 
and mitigation strategies. In this context, the impact of humans on fire is a critical factor for 
modelling changes in fire regimes and fire-induced impacts on carbon storage and climate in the 
future. A thorough understanding of the role of fire within ecosystems and its multifaceted impacts 
on climate is therefore needed to reduce uncertainties in future Earth system projections and 
understand the potential role of fire management for climate change adaptation and mitigation. 
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